We studied the effects of steady state increases in left atrial pressure on the albuminexcluded volume in the lungs of mongrel dogs. We estimated the tissue blood volume using 51 Cr-labeled red cells, the extracellular space using 99m Tc-DTPA (diethylene triamine pentacetic acid), and the albumin space using 125 I-labeled human serum albumin. An afferent lymphatic to the left tracheobronchial node was cannulated for measurement of lymph flow, total protein and albumin concentration. Total extravascular water (Qw), extravascular "Tc-DTPA space, extravascular albumin content, and albumin space were calculated in lung tissue samples taken during a baseline period and during steady states, following increases in pulmonary capillary pressure. Lymph flow increased by 0.20-fold, and Qw by 0.05 g/g blood free dry weight for each cm H 2 O increase in capillary pressure over the range of capillary pressures used in this study. Using an extravascular albumin space based on the concentration of albumin in lymph, an excluded albumin volume of 36% of the extravascular 99m Tc-DTPA space was calculated for normally hydrated lungs. This excluded volume fraction decreased to approximatley 10% of the extravascular 99 Tc-DTPA space at capillary pressures above 30 cm H 2 O. Oncotic buffering increased the plasma to lymph colloid osmotic pressure gradient, and buffered approximately 29% of the increase in pulmonary capillary pressure. Excluded volume had a simple physicochemical relationship to tissue hydration. It also served as a "safety factor" against pulmonary edema because there was a greater increase in available volume than total interstitial volume during edema formation. Oncotic buffering then could occur with a smaller increase in interstitial fluid volume than would otherwise be possible.
SUMMARY We studied the effects of steady state increases in left atrial pressure on the albuminexcluded volume in the lungs of mongrel dogs. We estimated the tissue blood volume using 51 Cr-labeled red cells, the extracellular space using 99m Tc-DTPA (diethylene triamine pentacetic acid), and the albumin space using 125 I-labeled human serum albumin. An afferent lymphatic to the left tracheobronchial node was cannulated for measurement of lymph flow, total protein and albumin concentration. Total extravascular water (Qw), extravascular "Tc-DTPA space, extravascular albumin content, and albumin space were calculated in lung tissue samples taken during a baseline period and during steady states, following increases in pulmonary capillary pressure. Lymph flow increased by 0.20-fold, and Qw by 0.05 g/g blood free dry weight for each cm H 2 O increase in capillary pressure over the range of capillary pressures used in this study. Using an extravascular albumin space based on the concentration of albumin in lymph, an excluded albumin volume of 36% of the extravascular 99m Tc-DTPA space was calculated for normally hydrated lungs. This excluded volume fraction decreased to approximatley 10% of the extravascular 99 Tc-DTPA space at capillary pressures above 30 cm H 2 O. Oncotic buffering increased the plasma to lymph colloid osmotic pressure gradient, and buffered approximately 29% of the increase in pulmonary capillary pressure. Excluded volume had a simple physicochemical relationship to tissue hydration. It also served as a "safety factor" against pulmonary edema because there was a greater increase in available volume than total interstitial volume during edema formation. Oncotic buffering then could occur with a smaller increase in interstitial fluid volume than would otherwise be possible. Circ Res 47: 866-875, 1980 866-875, GUYTON et al. (1971 have termed the adjustment in lung tissue factors that oppose edema formation a "safety factor" against pulmonary edema. The "safety factor" is attributed to the following changes: (1) an increased interstitial pressure as interstitial fluid volume increases (Guyton et al., 1971; Parker et al., 1978) ; (2) an increased lymph flow which removes some portion of the excess filtered fluid (Erdmann et al., 1975; Uhley et al., 1967) ; and (3) a decrease in tissue oncotic pressure. This increases the transcapillary osmotic gradient and favors fluid reabsorption by the capillaries (Staub, 1974) . Erdmann et al. (1975) attributed 50% of the edema "safety factor" in lung to oncotic buffering by the tissue proteins. The protein concentration of interstitial fluid can be reduced by lymphatic removal ("washout") of tissue protein and dilution of tissue proteins with a protein-poor filtrate. A decrease in the protein excluded volume permits maximal dilution of tissue proteins with a minimal increase in interstitial fluid volume. Exclusion occurs when plasma proteins are restricted from entering portions of the interstitial fluid volume by the polysaccharide and collagen matrix present in the interstitium (Comper and Laurent, 1978) . As tissue hydration increases, the interstitial matrix expands and a greater portion of the total interstitial fluid volume becomes accessible to protein molecules (Granger and Shepherd, 1979) . We have demonstrated previously a decrease in the excluded volume fraction for albumin during interstitial pulmonary edema produced by infusions of Tyrode's solution (Parker et al., 1979a) .
In the present study, the relationship of excluded volume to the oncotic buffer "safety factor" was examined during pulmonary edema produced by elevating pulmonary vascular pressures. A change in excluded volume was found to be an integral part of the oncotic buffer "safety factor" against edema. Maximal oncotic buffering occurred at an interstitial volume that was 26% less than would be required without a change in excluded volume.
Methods
One day prior to the experimental procedures, mongrel dogs weighing between 15.5 and 21.8 kg were injected intravenously with autologous 51 Crlabeled red cells and 125 I-labeled human serum albumin. The red cell tagging procedure and experimental model previously have been described in detail (Parker et al., 1979a) . On the following day the dogs were anesthetized with 30 mg/kg intravenous sodium pentobarbital and prepared by ligating both ureters and opening the left chest. Catheters were placed in the pulmonary artery, carotid artery, and jugular vein. An afferent lymphatic to the left tracheobronchial node was cannulated, and a balloon catheter inserted into the left atrium. Then 20 jtiCi/kg of """Tc-DTPA (diethylene triamine pentacetic acid) were injected intravenously. Lung biopsies, blood, lymph, and plasma samples were taken at each steady state for counting the respective isotopes and estimating the various tissue fluid compartments (Parker et al., 1979a) . Lymph flow rate was recorded by timing the filling rate of volumetric micropipettes. Lymph (CL), and plasma (C p ) protein concentrations were determined by refractometry. The albumin fractions in lymph [CL (A)] and plasma [C p (A)] were separated by gradient gel electrophoresis using polyacrylamide gels (Pharmacia Fine Chemicals).
Baseline vascular pressures, lymph flow, and protein concentration were recorded and control samples of lung tissue, blood, lymph, and plasma were collected 1 hour after the cannulation was completed. Left atrial pressure then was increased by 10 to 20 cm H2O, and the lymph and plasma parameters allowed to reach a new steady state. This usually required 1 to 2 hours. One to three left atrial pressure increases were attained in each experimental animal, and steady state levels for all parameters were measured. At each steady state, samples of lung tissue, blood, pulmonary lymph, and plasma were collected. All samples were counted on a 3channel y-counter, and dried to stable weights at 55°C. From the counts of the three isotopes, and the wet and dry weights of blood and tissue, the fluid compartments for each tissue sample were calculated.
The quantity of extravascular fluid and albumin in the tissue samples was calculated by subtracting the quantities of blood albumin and water in each tissue sample from the total amounts in each tissue sample. First, the fractional weight of blood (F B ) in each sample was calculated by dividing the counts per minute (CPM) of 51 Cr in the tissue sample by the CPM in 1 g of whole blood, according to the formula: F B = [(CPM 51 Cr/g tissue) n , /(CPM 51 Cr/g wet weight blood)] u ; For this calculation, the same hematocrit was assumed for blood in the lung tissue samples as measured in the mixed venous blood sample.
The quantity of extravascular albumin (QA) per gram blood-free dry weight (BFDW) in each of the tissue samples was calculated by subtracting the blood 125 I CPM in the tissue sample from the total tissue 125 I CPM. The 125 I CPM/mg albumin was the iodine count per mg albumin obtained from the 125 I CPM of lymph and plasma samples, and their al-bumin concentrations as determined by gradient gel electrophoresis. The extravascular "Tc-DTPA space (Vi) was calculated by subtracting the blood Mm Tc CPM from the total tissue Mm Tc CPM. Then Vi was calculated from the extravascular 99m Tc CPM based on the " m Tc CPM in one milliliter of lymph.
The extravascular " m Tc-DTPA space was used to estimate the interstitial volume. The fraction of Vi available to albumin (V A ) was calculated by the equation:
(2)
The absolute excluded volume (VE) could then be calculated by solving the equation:
The excluded volume fraction (FE) was estimated using the relationship: F E = 1 -(VA/VI).
(4)
The quantity of extravascular water (Qw) and BFDW/g wet weight of tissues was calculated, using the weight of blood in the tissue samples, the fractional water content of blood, the tissue blood water, the dry weight of blood in the tissue, total tissue water, tissue wet weight, and tissue dry weight, using the relationships previously described (Parker et al., 1979a) .
Statistics
All grouped data are expressed as means ± standard errors. A paired t-test was performed between parameters measured at control vascular pressures and the highest left atrial pressure in each experiment. Differences were considered statistically significant when P < 0.05 was obtained. The calculated probabilities of rejecting the null hypothesis are shown for Tables 1 and 2. Regression equations for various parameters were calculated using a least squares regression analysis. A correlation coefficient (r), and t value for the relationship of the two parameters was calculated. The parameters were considered to be significantly related when P < 0.05. In some cases parameters were significantly related, even though r was small. An analysis of covariance and "F" statistics were performed on the data in Figures 4 and 7 to test for differences in slope and intercept of the two regression lines (Snedecor and Cochran, 1976) .
Results
An example of the responses of hemodynamic and lymph parameters to an increase in left atrial pressure is shown in Figure 1 . In this example, left atrial pressure was increased to 20 cm H 2 O by inflation of the left atrial balloon catheter. Lymph flow increased to 6.2 times control over a 2-hour period, and lymph protein concentration decreased from 4.5 g/dl to 3.6 g/dl. The plasma protein con- Individual steady state values of pulmonary artery (P pa ) and left atrial (P Tjl ) pressures, lymph flow (Qi.), lymph and plasma total protein (TP) and albumin (A) concentrations, apparent tissue albumin concentration (CA PP ), and the quantity of extravascular albumin (QA) in tissue samples for each experiment. Also included are means (±SE) of the control values and the highest left atrial pressure steady state in each experiment. * Significantly different from control {P < 0.001). f Significantly different from control (P < 0.02).
centration remained constant but the lymph-toplasma protein concentration ratio (CL/C P ) decreased from 0.65 to 0.48. In most instances, a new steady state of lymph flow and protein concentration was attained 1-2 hours after elevation of left atrial pressure. Table 1 summarizes the lymph, plasma, and tissue protein data at each steady state in individual experiments. Values of tissue albumin content and concentration represent means of one to four biopsies at that steady state. The means for baseline values and for the highest steady state pressures in each experiment also are included. There were significant differences between baseline and increased left atrial pressure groups for all parameters except plasma protein values and the apparent tissue albumin concentrations (CA PP = QA/VI).
Relationship of Pulmonary Lymph Flow and Protein Concentration to Pulmonary Vascular Pressure
Lymph flow increased for every increase in left atrial pressure. The largest increase was 9.1 times control which was obtained in experiment 11 at a The means (± SE) for pulmonary capillary pressure (P c ), fractional blood content of tissue samples (FB), total extravascular water (Qw), extravascular Wm Tc-DTPD space (V,), excluded volume fraction (F E ), available volume (V A ), and excluded volume (V E ) at control pressures and the highest steady state pressure in each experiment. The n denotes the total number of tissue samples analyzed (2-4 at each steady state).
• P< 0.001.
left atrial pressure of 35 cm H 2 O. Control lymph flows ranged from 0.7 to 51.6 /il/min with the smallest lymph flow obtained in a very small lymphatic on the left lower lobe and the highest lymph flow obtained from the confluence of several lymphatics at the left tracheobronchial node. The capillary pressure (P c ) at each pressure state was calculated from pulmonary artery (P pa ) and left atrial (PLB) pressures using the equation derived emperically by Gaar et al. (1967) :
A regression analysis between lymph flow (QL) and capillary pressure in cm H2O indicated a significant correlation between the two variables with a line of best fit of:
for lymph flow relative to control flow (QLO). This latter equation indicates that lymph flow will dou-ble for each 5 cm H2O increase in capillary pressure over the range of pressures used in this study. Lymph concentrations of total protein and albumin decreased after each left atrial pressure elevation. There was a significant negative relationship (P < 0.001) between capillary pressure and the lymph protein and albumin concentrations. Lymph total protein data fit the equation: C L (TP) (g/dL) = -0.06 • P c + 4.52, r = 0.69, (7) and lymph albumin the equation:
The lymph-to-plasma concentration ratios decreased from C L /C P (TP) = 0.68 and C L /C P (A) = 0.81 at mean baseline flows, to C L /C P (TP) = 0.48 and C L /C P (A) = 0.58 at the highest flow states. There was no significant correlation between capillary pressure and plasma total protein or albumin concentrations. control flow for an increase in Vi from 2.18 ± 0.07 to 3.41 ± 0.24 ml/g BFDW. A regression analysis was performed on each experiment and the following average regression equation was obtained:
QL/QLO = (3.77 ± 1.03) • Vi -(7.95 ± 2.64)
This indicates a lymph flow response of 4.1-fold for a 50% expansion of the extravascular "Tc-DTPA space.
Relationship of Pulmonary Capillary Pressure and the Transcapillary Colloid Osmotic Pressure Gradient
A decreased lymph protein concentration, coupled with a constant plasma protein concentration, produced an increase in the effective colloid osmotic pressure exerted across the vascular endothelium by the plasma proteins. Figure 3 indicates the effect of increased pulmonary capillary pressure on the colloid osmotic pressure gradient acting across the capillary walls. The colloid osmotic pressure of the plasma and lymph proteins was calculated using the equation for dog plasma derived by Navar and Navar (1973) :
where C is the total protein concentration. The difference between plasma and lymph (f] p -]7L) was significantly correlated (P < 0.001) with pulmonary capillary pressure. The mean transcapillary oncotic pressure gradient under baseline conditions was 11.1 cm H 2 O and a line of best fit for this relationship was:
<rip -n o cm H 2 O = 0.29 • P c + 9.16, r = 0.64. (11) Thus, the colloid osmotic pressure gradient between plasma and tissue fluid increased on average by 29% of the increase in capillary hydrostatic pressure. Figure 4 shows the relationship of relative lymph albumin flux (J p (A)/J p (A)o) and tissue extravascular albumin content (Q A ) to pulmonary capillary pressure (P c ). The solid lines connect steady state values in each experiment. Lymph flux was calculated using the relationship: J P (A) (mg/min) = Q L (jul/min) X C L (A) (g/DL) X 0.01 (12) for each steady state lymph flow. The mean flux at control pressures was 0.24 ± 0.05 mg/min, which increased significantly (P < 0.02) to 0.67 ± 0.19 mg/ min at the highest vascular pressures. There was a significant correlation (P < 0.001) between albumin There was a significant relationship between tissue extravascular albumin content and pulmonary capillary pressure (P < 0.02). Considerable variability between experiments was present. However, in every experiment, QA either changed little, or increased, as capillary pressure was increased. The average regression equation derived from the analysis of each experiment was: Q A (mg/g BFDW) = (0.55 ± 0.15) • P c + (14.2 ± 2.8). (14) There was no significant relationship between the apparent interstitial concentration of albumin (CA PP ) and pulmonary capillary pressure, or any significant change in this parameter at increased capillary pressures (Table 1) . Table 2 indicates the mean values for pulmonary capillary pressure and the lung fluid compartments, both at control pulmonary vascular pressures and at the highest left atrial pressure in each experiment. Each parameter was significantly different (P < 0.001) from control, with the exception of the blood fraction in tissue samples. Figure 5 shows the relationship of extravascular lung water (Q w ) and extravascular " m Tc-DTPA space (Vi) to the pulmonary capillary pressure. Both of these fluid volumes were significantly related to pulmonary capillary pressure. Extravascular lung water was best fitted by the relationship: 
Effect of Increased Pulmonary Capillary Pressure on Lymph Albumin Flux and Interstitial Albumin Content

Relationship of Extravascular and Interstitial Fluid Compartments to Vascular Pressures
An analysis of covariance of the two volumes with respect to capillary pressure indicated no significant difference in slopes of the two regression lines, but the intercepts were significantly different (F = 99.5). This difference between the extravascular 99m Tc-DTPA space and total extravascular water was considered to represent the cellular fluid compartment. The mean cellular volume was 1.65 ± 0.01 ml/gBFDW during the control state and 1.38 ± 0.06 ml/gBFDW at the highest pressures. This represented a significant decrease in the estimated fluid volume. • " . , --" --7 -" . .
FIGURE 5
The relationship of total extravascular water (Qw) and extravascular " m Tc-DTPA space (V,) to the pulmonary capillary pressure (PJ in all experiments. The difference between these two volumes represents the intracellular fluid volume. VOL. 47, No. 6, DECEMBER 1980 These data indicate that increased tissue hydration was confined to the extracellular spaces. Overall hydration increased by about 0.5 ml/gBFDW for each 10 cm H 2 O increase in capillary pressure over the range studied. However, for experiments 3, 4, 10, and 11, capillary pressure was increased from a steady state capillary pressure of more than 22 cm H2O to a higher capillary pressure. Then the mean increment in extravascular fluid was 0.20 ± 0.04 g/cm H 2 O increase in capillary pressure. This was four times the mean slope for all data, and indicates a greater relative increase in tissue hydration for capillary pressure changes in the high range of capillary pressures.
Relationship of Excluded Volume Fraction to
Pulmonary Capillary Pressure Figure 6 shows the excluded volume fraction for albumin (F E ) as a function of pulmonary capillary pressure. There was a highly significant relationship (P < 0.001) between excluded volume fraction and capillary pressure. The data appeared to best fit the exponential equation:
The change in F E occurred over a capillary pressure range of 6 to 35 cm H2O. There was also a significant decrease in F E from 36 to 14% between the control and elevated pressure groups in Table  2 .
A significant inverse relationship between excluded volume fraction and extravascular 99m Tc-DTPA space is shown in Figure 7 . This inverse relationship was best fit by the equation:
Such a relationship would be expected if exclusion were a direct function of interstitial matrix hydration.
(cm H 2 O)
The relationship between the excluded volume fraction (FE) for albumin and the pulmonary capillary pressure
The relationship between the albumin excluded volume fraction (FE) and the extravascular" m Tc-DTPA space (Vi) in lung tissue.
Relationship of Excluded and Available Volumes to Pulmonary Capillary Pressures
The extravascular Mm Tc-DTPA space (V,) may be subdivided into the absolute fluid volume available to albumin (V A ) and the excluded volume (V E ) as described in Equation 3. The relationship of available and excluded volumes to capillary pressure is shown in Figure 8 . The regression equations of these volumes on pulmonary capillary pressure were: There was a significant positive relationship between capillary pressure and the available volume, and a significant negative correlation between excluded volume and capillary pressure. An analysis of covariance indicated a significant difference in both the slopes and intercepts of these two regression lines. In Table 2 the available volume increased to 205% of its control values in the elevated pressure group, whereas the excluded volume decreased to 57% of control.
Discussion
Safety Factors against Pulmonary Edema
In their early attempts to quantify the factors involved in pulmonary edema formation, Guyton and Lindsey (1959) observed very little increase in lung water until left atrial pressure exceeded a value approximately equal to plasma oncotic pressure. The tissue "safety factors" against the formation of pulmonary edema included: (1) an increase in tissue fluid pressure, (2) an increase in the rate of pulmonary lymph flow, and (3) an increase in the transcapillary oncotic pressure gradient (Guyton et al., 1971) . In the normally hydrated lung, the interstitial spaces contain little if any free fluid (Granger and Shepherd, 1979) . Rather, interstitial fluid is incorporated into a polysaccharide gel consisting of a collagen matrix interspersed with hyaluronic acid and some proteoglycans (Comper and Laurent, 1978) . These polysaccharide macromolecules form a dense meshwork which effectively excludes protein molecules from some portions of the gel that are readily available to water molecules (Granger and Shepherd, 1979; Comper and Laurent, 1978) .
Oncotic Buffering in the Lung
We observed an increase in the transcapillary colloid osmotic pressure gradient of 0.3 cm H 2 O for each cm H 2 O increase in capillary pressure. This was approximately the value observed by Drake (1975) in isolated dog lungs. However, Erdmann et al. (1975) observed an oncotic buffer effect of 50% in unanesthetized sheep. Granger (1979) attributes the effectiveness of oncotic buffering in preventing edema to: (1) the ultrafiltration capacity of the vascular endothelium, (2) the initial oncotic pressure in the interstitium, and (3) the initial steric exclusion present in the interstitium. The lung normally has a high interstitial oncotic pressure when estimated by the protein concentration of pulmonary lymph. Erdmann et al. (1975) found pulmonary lymph total protein and albumin concentrations of 4.51 ± 0.46 g/dl and 2.43 ± 0.37 g/dl, respectively, under baseline conditions in unanesthetized sheep. We observed baseline pulmonary lymph values of 4.2 ± 0 . 1 g/dl for total protein and 1.34 ± 0.07 g/dl for albumin in the present study. In a previous study we observed lymph concentrations of 4.52 ± 0.34 g/dl total protein and 1.43 ± 0.16 g/dl albumin, using the same anesthetized dog preparation (Parker et al., 1979a) .
Estimates of the initial excluded volume for albumin in lung tissue vary. Brigham and Staub (1974) estimated an excluded volume fraction of 0.50 for albumin from the data of Vaughan et al. (1971) in sheep lungs, when interstitial volume was assumed to equal the extravascular sucrose space. We calculated an excluded fraction for albumin of 0.26 of the extravascular sucrose space from the data of Meyer and Ottaviano (1974) . They measured the right duct albumin concentration, and the extravascular albumin content and sucrose space in the lungs of anesthetized dogs. Selinger et al. (1975) measured extravascular albumin content in addition to the sucrose and chloride spaces in the lungs of sheep. Their data indicate an albumin excluded volume fraction of 0.69 (sucrose space), or 0.81 (chloride space), depending on the space used to estimate interstitial volume. Our previous estimate of FE in the anesthetized dog lung under baseline conditions was 0.38 ± 0.02 using the extravascular " m Tc-DTPA space (Parker et al., 1979a) . Thus, a significant excluded volume appears to be present in normally hydrated lung tissue.
The relationship between the excluded volume fraction and capillary pressure is compatible with the participation of exclusion in the oncotic "safety factor" against edema. The excluded volume fraction approached a minimal value at capillary pressures between 30 and 35 cm H 2 O. This is approximately equal to the critical pressures of 31.3 cm H 2 O above which continuous transvascular filtration occurred in the lungs of anesthetized dogs (Drake and Gabel, 1978) . Above this pressure a steady state in extravascular fluid volume cannot be attained because the tissue factors tending to prevent edema have become exhausted (Taylor et al., 1973; Guyton et al, 1975) .
There is general agreement that the filtering vessels in the lung restrict the passage of protein. However, the exact values for permeability coefficients remain controversial. Based on lung lymph data, the osmotic reflection coefficient for albumin in dog lungs is at least 0.5 (Parker et al., 1979b) , but may be as high as 0.8 (Staub, 1974) .
Thus, the lung appears well suited for effective oncotic buffering. The interstitial protein concentration is normally some 70% that of plasma, the excluded volume is approximately 40% of the interstitial volume in normally hydrated lung, and the pulmonary vessels significantly restrict the passage of protein when compared to water.
Exclusion Amplification
A decrease in the excluded volume fraction during edema formation can serve to amplify the tissue oncotic pressure change for any given increase in interstitial volume (Granger, 1979) . This is possible because the volume available to protein increases relatively more than total interstitial volume as the VOL. 47, No. 6, DECEMBER 1980 interstitial matrix spreads apart. The minimal tissue oncotic pressure then can be attained by a smaller change in interstitial volume because of exclusion amplification. We estimated an amplification factor of 1.26 in the present study. This is comparable to an amplification of 1.25 calculated for interstitial edema produced by volume loading with 15% body weight of Tyrode's solution (Parker et al., 1979a) . In both types of edema, minimal tissue protein concentrations were attained with only 76% of the interstitial volume increase that would be required in the absence of a change in exclusion.
Lymph Protein Flux and Extravascular Albumin
Both the lymph albumin flux and tissue extravascular albumin content were found to increase significantly when pulmonary vascular pressures were elevated above normal. The increase in lymph albumin flux was expected and simply reflected the increase in transvascular albumin transport which accompanied the increased fluid filtration (Erdmann et al., 1975) . Although the capillary filtrate had a reduced protein concentration at high vascular pressure, the increased extravascular fluid volume and decreased albumin-excluded volume fraction resulted in a net gain in tissue albumin content relative to bloodless dry weight.
There was a smaller apparent volume of cellular fluid (Qw-Vi) observed in the increased pressure group than in the control group. It is unlikely that the cellular volume actually decreased during edema formation, or that significant amounts of 99m Tc-DTPA entered the parenchymal cells. A more likely explanation is entry of 99m Tc-DTPA into previously inaccessible regions of the interstitium. The 99m Tc-DTPA complex has a molecular weight that is 2.2 times the molecular weight of sucrose, and sucrose was found to be excluded from 3 to 5% of the water volume of umbilical tissue (Granger and Shepherd, 1979 ). An initial excluded volume of a few percent for "Tc-DTPA, which subsequently decreased during edema formation, could account for a portion of the apparent reduction in volume of parenchymal cells. Erdmann et al. (1975) observed a 0.19-fold overall increase in lymph flow for each cm H 2 O increase in pulmonary capillary pressure in unanesthetized sheep. This is essentially identical to the 0.20-fold increase per cm H2O capillary pressure increase we observed over the same range of capillary pressures. This response of lymph flow and other tissue factors were sufficient to limit the steady state increase in extravascular fluid volume to approximately 0.5 ml/ g BFDW, for each 10 cm H2O increase in capillary pressure over a range of capillary pressures below approximately 30 cm H 2 O. A relatively low tissue compliance can be deduced from such a relationship. Lymph flow increased to three times control, while Vi and Q w increased by only 26 and 15%, respectively, for a 10 cm H 2 O increase in capillary pressure. However, there was a larger extravascular fluid gain for comparable increases in the capillary pressure within the range of capillary pressures between 25 and 35 cm H2O, than for lower pressures. This indicates either a larger tissue compliance or a reduced effectiveness of the lymphatic flow "safety factor" at higher capillary pressures (Taylor and Drake, 1978) .
Relationship of Lymph Flow to Tissue Hydration
Taylor AE, Gibson WH, Granger HJ, Guyton AC (1973) The interaction between intracapillary and tissue forces in the overall regulation of interstitial fluid volume. THE hypothesis that adenosine regulates coronary flow (Berne, 1963) predicts that there is a unique, causal relationship between cardiac oxygen usage, MV0 2 , the adenosine concentration in the vicinity of the coronary resistance vessels, [Ado], and coronary vascular resistance, R. Support for this hypothesis comes mainly from studies in which adenosine levels were augmented by hypoxia or from experiments in which technical factors limited measurements to two of the three variables. Additionally, the relatively insensitive methods available for assaying adenosine required either indirect estimates of cardiac adenosine levels from coronary venous blood or pericardial superfusates or direct estimates from tissue samples so large that only a single observation could be made on each heart. The aim of the experiments reported here was to determine whether there is a relationship between these variables in open-chest dogs whose hearts were perfused with oxygenated blood. Because MV0 2 and R are each the resultant of a number of factors whose influences may vary from one animal to the next and could contribute variation comparable to those due to the interventions themselves, the experimental design employed each dog as its own control. This design depended in turn on a muscle-sampling technique which permitted repeated heart muscle biopsy and an adenosine assay sensitive enough to measure the small amounts of adenosine in these samples. Owing to post-sampling changes in adenosine content, these data provided only indirect estimates of true muscle adenosine content. Nonetheless, MVO2, [Ado], and R" 1 were significantly covariant, consistent with the possibility that these variables are related causally.
Methods
Conditioned mongrel dogs of either sex weighing 11-16 kg were premedicated with morphine sulfate (3 mg/kg subcut) and anesthetized 30 minutes later with a-chloralose (110 mg/kg, iv). The chest was opened through the left 4th interspace and the left coronary artery was perfused via a Gregg cannula with blood from the left common carotid artery. An electromagnetic flowmeter interposed in the perfusion line and an electromannometer connected to this line monitored coronary flow and perfusion pressure, respectively. A pointed-tip polyethylene side-hole catheter inserted transepicardially into
